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Transient Response About the Cathode in the 
Gyrotron Discharge 


Weiye Xu, Handong Xu, Fukun Liu, Xiaojie Wang, Yong Yang, Jian Zhang 


Abstract—The gyrotron is the most important device in the 
ECRH system. The cathode power supply is one of the most 
important ancillary devices for gyrotron. Some interesting 
transient phenomena about the cathode voltage and the cathode 
current was found in the gyrotron operation. In order to explain 
these phenomena, an equivalent model of the magnetron injection 
gun was proposed. The equivalent circuit is composed of parallel 
resistors and capacitors, and it can explain the test results very 
well. 


Index Terms—Transient response, Gyrotron, Cathode, Gun, 
Equivalent model. 


I. INTRODUCTION 


140GHz/4MW electron cyclotron resonance heating 

(ECRH) system consisting of four gyrotrons for EAST is 
being built in ASIPP. Up to now, the first two gyrotrons has 
been established [1], and the third gyrotron is being set up and 
commissioning in ASIPP. The robust control and protection 
system, data acquisition system[2], and power measurement 
system[3] are built for gyrotrons. In the commissioning process 
of the first two gyrotrons, many researches related to the 
gyrotron are done. 

Currently, many researches about gyrotrons such as 
beam-wave interaction theory[4, 5], design of the gyrotron[6], 
transient effects of the output wavel[7], transient 
millimeter-wave signal analysis[8], and etc. have been done in 
the world. But there is little research on the transient analysis of 
the cathode voltage, cathode current, anode voltage, anode 
current, and so on. We have found some interesting phenomena 
in the gyrotron operation. An equivalent model of the 
magnetron injection gun is proposed to explain the test results 
in this paper. 

The details of the transient analysis of the voltages and 
currents are discussed in the following sections. In section 2, 
the architecture and schematic of the gyrotron and its ancillary 
systems and the timing sequence of the gyrotron are given. In 
section3, the negative high voltage power supply for gyrotrons 
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are introduced. Then, in section 4, the measurement and 
analysis of the transient response of the cathode current and 
cathode voltage are given. Finally, we give the conclusions in 
section 5. 


II. THE ANCILLARY SYSTEMS AND THE TIMING SEQUENCE OF 
THE GYROTRON 


The gyrotron can not work without its ancillary systems such 
as the superconducting magnet and its power supply, the 
collector power supply, the cathode power supply, the anode 
power supply, the ion pump power supply, the filament power 
supply, and etc. The ancillary systems and their connections to 
gyrotron are presented in Fig. 1. The current limiting resistors 
are used to limit the maximum current flowing through the 
cathode and the anode (50 kQ for the anode and 20 Q for the 
cathode). The DC shunts, which are actually resistors with 
small resistance value, are used to measure anode current and 
beam current (500 mA for the anode current and 1 mO for the 
cathode current). Because the filament is floating on the 
cathode high voltage, an isolation transformer is used between 
the filament and its power supply to protect the filament power 
source. 
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Fig. 1. The gyrotron and its ancillary systems. The ‘PS’ in this figure is a 
shorthand for ‘power supply’; the ‘HV’ is a shorthand for ‘high voltage’. 


The gyrotrons must be operated at a right timing sequence, 
otherwise the gyrotrons may be damaged. The right timing 
sequence is shown in Fig. 2. The PLC_Ready signal is an 
interlock signal from PLC (Programmable Logic Controller). 
The TriggerIn_-60 signal is sent from EAST center controller, 
if the rising edge is detected by the timing controller, the timing 
controller will change the NegHVPre_-60 signal to the high 
level. And the NegHVPre_-60 signal is sent to the cathode 
power supply, if the NegHVPre_-60 signal is in the high level, 
the switchgear of the cathode power supply will be closed. And 
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if the switchgear of the cathode power supply is closed, the 
cathode power supply will send a NegHv_Ready signal to the 
timing controller. Sixty seconds after the rising edge of the 
TriggerIn_-60 signal is detected, a rising edge of the 
TriggerIn_0 signal will be sent to the timing controller. Then 
the timing controller will turn the NegHv_OnOff signal to be 
high level immediately (in several nanosecond). Then the 
IGBTs of the cathode power supply will be closed according to 
the set time. If the output voltage of the cathode power supply is 
bigger than 30 kV, the NegHV_OutputState signal will be the 
high level. Fifty milliseconds after the NegHv_OnOff signal 
changed to be high level, the timing controller will turn the 
PosHV_OnOff signal to be high level to turn on the anode 
power supply. One millisecond after the anode power supply is 
turned on, the timing controller will detect the 
Wave_OutputState signal (RF signal) to realize part of the RF 
protection[3]. If the Wave_OutputState signal goes low, the 
shutdown procedure will be started, i.e., the NegHv_OnOff 
signal and the PosHV_OnOff signal will be set to be low level 
successively (an interval of 2 ms) to shutdown the power 
supplies to protect the gyrotron. In the process of the gyrotron 
discharge, if the Ip_D signal (plasma current signal sent from 
EAST center controller) goes low, the shutdown procedure will 
be started to protect the EAST tokamak from being damaged by 
the millimeter wave outputted from the gyrotrons. For safety, 
anyone of these signal such as PLC_Ready, NegHv_Ready, 
NegHV_OutputState, Wave_OutputState, and Ip_D goes low, 


the shutdown procedure will be started. 


PLC_Ready 
The signal indicates whether the system is ready or not, which is sent from the PLC. i Input 
pipes is 


Trigger signal to start preparing discharging, 
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sent to the negative HV power supply. 
The signal indicates whether the negative 
NegHV_OutputState} Hy power supply is on or off. ae Anput 
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PosHV_OnOff of the positive HV power supply, which is Output 
sent to the positive HV power supply. 
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Fig. 2. The operation sequence of the gyrotron. The signals which are marked 
as ‘Input’ indicate that the signals are input to the timing controller. The signals 
which are marked as ‘Output’ indicate that the signals are output from the 
timing controller. 


IHI. NEGATIVE HIGH VOLTAGE POWER SUPPLY FOR 
GYROTRONS 


We have developed two cathode high voltage power supplies 
for four gyrotrons. The cathode high voltage power supplies are 
using PSM (Pulse Step Modulation) technology[9], which 
overcomes the shortcomings of the traditional high voltage 
power supply, such as large single volume, low efficiency, net 
side low harmonics pollution, lower power factor, larger output 


ripple, slower dynamic response, and so on. The power supply 
topology is shown in Fig. 3. In order to protect the gyrotrons, it 
is necessary to insure that the stored energy of the power supply 
system is small enough. The energy is mainly stored in the 
output filter and stray capacitances for PDM modules. The 
stored energy is very small (<10 J) in our power supply system. 
In order to verify the protection effect, we have taken a short 
circuit test. A fuse (whose fusing energy is 10 J) which is 
connected in series in the loop is still good when the load is 
shorted, which can prove that the stored output energy of the 
power supply is less than 10 J. Therefore, we can use this power 
supply for gyrotron without crowbar. 

If the high voltage source receives a turn-off signal or 
protection signal from the gyrotron control system, the IGBTs 
will be shut down within several microseconds, thus the 
connection between the power supply and the gyrotron will be 
cut off. A test was made to verify the shutdown time of the 
cathode power source was in several microseconds. A dummy 
load whose resistance value is 304 Q was connected to the 
power source. Then a turn-off signal was send to the power 
supply. The waveforms of the voltage and the current of the 
cathode power supply when the IGBTs shut off is shown in Fig. 
4. As we can see, the shutdown time of the cathode power 
source is about 5 us. It is short enough to protect the gyrotrons. 
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Fig. 3. The schematic of the cathode power supply whose nominal parameter is 
-60kV/80A/1000s for gyrotrons. The power supply is composed of 87 PSM 
modules and 1 PDM (Pulse Density Modulation) module. 
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Fig. 4. The waveforms of the voltage and the current when the IGBTs shut off 
with a dummy load whose resistance value is 304 Q. 
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IV. MEASUREMENT AND ANALYSIS OF THE TRANSIENT 
RESPONSE OF THE CATHODE CURRENT AND CATHODE 
VOLTAGE 


The measurement block diagram of the cathode voltage and 
the cathode current is shown in Fig. 5. A high voltage probe 
which is in parallel with the cathode high voltage power supply 
is used to measure the cathode voltage. A rapid response 
current probe is used to measure the cathode current. The high 
voltage probe and the current probe are both connected to the 
same oscilloscope which is mainly used to measure the 
transient response. In addition, a shunt whose resistance is 1 
mQ is used to measure the cathode current. It is used to realize 
the slow overcurrent protection and to measure the steady-state 
cathode current. 
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Fig. 5. The measurement block diagram of the cathode voltage and the cathode 
current. 


Fig. 6 and Fig. 7 show the cathode voltage and the cathode 
current displayed on the oscilloscope when the gyrotron is 
shutting down. As we can see, the response time of the cathode 
voltage when the gyrotron shuts down normally is different 
with the response time of the cathode voltage when the 
overcurrent protection happens. In the case of normal shutdown, 
the cathode voltage drops to about 10% of the original value for 
about 25 us. In the case of overcurrent, the cathode voltage 
drops to about 10% of the original value for about 90 us. 
Actually, in both two cases, the cathode power supply shuts 
down with the same operation within 6 us. So, we can infer that 
some gyrotron parameters changes when overcurrent happens. 
The change of the gyrotron parameter causes the change of the 
drop time of the cathode voltage. So we proposed an equivalent 
model of the gyrotron gun to analyze it. 
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Fig. 6. The cathode voltage and the cathode current when the gyrotron is 
shutting down normally. 
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Fig. 7. The cathode voltage and the cathode current when the gyrotron is 
shutting down with overcurrent. 


The equivalent circuit of the gyrotron gun and the auxiliary 
power supplies can be represented by Fig. 8. Where Rm is the 
cathode current limiting resistor with the resistance of 20Q; Rsa 
is the anode current limiting resistor with the resistance of 
50kQ; Rs is the shunt for measuring beam current with the 
resistance of 1 mQ; Rsa is the shunt for measuring the anode 
current with the resistance of 500 mQ; R» is the equivalent 
resistor of the electron gun between the cathode and the ground 
(body); C» is the equivalent capacitor between the cathode and 
the ground (body); Ra is the equivalent resistor between the 
anode and the cathode; C, is the equivalent capacitor between 
the anode and the cathode. 

The resistance of Ry» is related to the voltage across C» and 
the voltage across Ca (the sum of the absolute value of the 
cathode voltage and the absolute value of the anode voltage) 
and the power of the filament power supply. For the normal 
shutdown process of the cathode voltage, the anode voltage has 
been reduced to 0, so the value of R» is just related to the 
voltage across C» (the cathode voltage) and the power of the 
filament power supply. TABLE I shows the examples. 


TABLE I 
THE RESISTANCE OF Rb ALONG WITH THE CATHODE VOLTAGE AND THE 
ANODE VOLTAGE, AND THE FILAMENT POWER. 


Cathode ola Filament Cathode 
voltage [kV] oar power [W] Current [A] Ry [kQ] 
-45 0 1135.32 32.2 1.3975 
-44 0 1126.09 30.6 1.4379 
-44 0 1113.26 30.1 1.4618 
-43 0 1111.77 29.2 1.4726 
-42 0 1099.59 26.5 1.5849 
-42 0 1097.65 25.9 1.6216 
-40 0 1097.65 25.6 1.5625 
-35 0 1097.65 24.5 1.4286 
-20 0 1097.65 20.0 1.0000 
-10 0 1097.65 12.0 0.8333 
-42 5 1099.59 27.3 1.5385 
-42 16 1099.59 29.0 1.4483 
-42 19 1099.59 29.4 1.4286 
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Fig. 8. The equivalent model of the gyrotron gun and the auxiliary power 
supplies. The equivalent model of the gun is in the red dashed box. 


We analyzed the relationship between the value of Ry and the 
cathode voltage u» in the situation where the anode voltage is 
zero and the filament power is 1097.65 W. The relationship 
between the value of R, and the absolute value of the cathode 
voltage up are shown in Fig. 9. The exponential fitting function 
is, 


R, = —359.6 + 1005.5 - exp(1.6 x 1075u,) (1) 


Where the unit of u, is Volt, and the unit of Rp is Ohm. 


= = -Linear Fit 
Exponential Fit 
1600 Model Exponential 
Equation y=y0 + A*exp(RO*x) 
Reduced 826.5957 
Chi-Sqr 4 
Adj.R-Square 0.99274 
1400 Value Standard Erro 
-359.63162 106645629 
SABPARD A 10054865 100554259 
RO 1.60558E-5 1.10497E-5 
a 6 
1200 
Q 
ag 5 Equation y=at+b*x 
Weight No Weighting 
Residual Sum 4467.27127 
1000 of Squares 
Pearson's r 0.99607 
Adj. R-Square 0.99019 
Value Standard Error 
a Intercept 549.39109 37.65783 
800 7 SPAREBFERD Siope 0.02505 0.00111 


5000 10000 15000 20000 25000 30000 35000 40000 45000 


Cathode Voltage [V] 


Fig. 9. The value of R, along with the cathode voltage. 


When the cathode power supply shuts down, a capacitor 
discharge circuit is formed by C» and Ry. That is a zero-input 
response. Assume the initial voltage across the capacitor C» is 
Ub (a positive value in the unit of Volt), the Laplace transform 
equivalent circuit is shown in Fig. 10. The voltage across the 
capacitor Cy is, 


Up 1 
u(s) _ Up _ “s sCp _ Up = Up — Ub (2) 
= I = = 
s scp Pb s S(1+SCpRp) TR S 


Using inverse Laplace transform, we can get, 


u(t) = Wp exp(- rÀ (3) 


Where u(t)=uy. By solving equation (1) and equation (3), 
assume u(t)=up=ur, We can get, 


1 
t 
Cp(—359.6+1005.5-exp(1.6x10~5uz)) 


Up = Up * exp(— ) (4) 
Take natural logarithm at both ends of the above equation, and 
simplify the equation, 


359.6(n u; — In Up) + 1005.5(1n Up — In u¢) exp(1.6 x 
t 


10u) = — (5) 


Ch 


Let Up = 41000 V, u: = 4100 V, we can get the time used for the 
cathode voltage decreasing to about 10% of the original value. 


t = 1644.2C, (6) 


As shown in Fig. 6, in the case of normal shutdown, the cathode 
voltage drops to about 10% of the original value for about 25 us. 
So, the equivalent capacitance is, 


t 
1644.2 


Cp ~ = 15.2 nF (7) 
For the current flowing through Rp, we assume the direction of 
the current shown in Fig. 10 is positive, then, 


dut _ Ub, Lt 
dt Rp exp( CpyRp (8) 


i(t) = —Cp 
Since R, varies with the voltage u,, the equation (3) is brought 
into the above equation to obtain the relationship between the 
current i(t) and the voltage us, 


i(t) = = sas en) (9) 


t 
b —359.6+1005.5-exp(1.6x10-5up) 


The value of i(t) is always positive, indicate that the real 
direction of the current is same as the direction shown in Fig. 10, 
i.e., the real direction of the current is same as the direction at 
time 0.. The relationship between i(t) and u; is shown in Fig. 11. 
When u=41000 V, i(t)™26 A=i(0-); when u=30000, i(t)~24 
A; when u=20000 V, i(t)™20 A; when u=0 V, i(t)™0 A. The 
value of i(t) decreases with the decrease of u;, and the drop time 
is almost the same. It should be noted that the current i(t) is the 
current flowing through the resistor Rp, it is not the same one 
measured by a current probe shown in Fig. 5, and it is hardly to 
be measured. 


Fig. 10. The Laplace transform equivalent circuit when the cathode power 
supply shuts down. 
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Fig. 11. The current flowing through Rb as a function of the voltage ut. 


When an arc happens in the gyrotron gun, the cathode 
current will increase suddenly. It is dangerous for gyrotron. So, 
if an overcurrent happens, the protection system will shut down 
the anode power supply and the cathode power supply at the 
same time. As we can see in Fig. 7, about 5 us after overcurrent 
happens, the voltage began to turn off. So, after overcurrent 
happens, the energy transmitted to the gyrotron is, 


W x f pdt ~ fo" uidt = 41kV x 35A x 5us ~ 7.2] (10) 

For the situation where overcurrent happens, the anode 
voltage starts to decrease at the same time as the cathode 
voltage. That is, the anode voltage is not zero when the cathode 
power supply shuts down. But we can see from Table 1, the 
value of Rp is less affected by the anode voltage. For the sake of 
simplicity, we ignore the anode voltage in the overcurrent 
situation. As we can see in Fig. 7, the cathode voltage drops to 
about 10% of the original value for about 90 us which is much 
longer than the time in the normal situation. The equivalent 
capacitance is, 


t 
Cy, 
b 1644.2 


= 54.7 nF 


(11) 


The equivalent capacitance C, increases may be due to the 
discharge between the cathode and ground, thus the drop time 
of the cathode voltage increases. 


In order to further verify the above assumptions, we try to 
add a crowbar short-circuit switch at both ends of the cathode 
voltage source. When the cathode voltage source is turned off, 
the crowbar short-circuit switch is automatically closed and the 
equivalent circuit is shown in Fig. 12. When the crowbar switch 
is closed, the capacitor Cy will be discharged through the Ry». 
The voltage across the capacitor C» is, 


1 


u(t) = Up ' exp(— t) (12) 


CpRrp 


Then, the cathode voltage drops to about 10% of the original 
value for about, 
2.3R,pCy © 0.7 us (13) 
The actual cathode voltage waveform is shown in Fig. 13, 
and it can be seen that the voltage falling edge is indeed about 
0.7 us. However, because the voltage source turns off too fast, 
the oscillation of the voltage will be generated[10]. The 
oscillation is generated due to the signal transmission and 
reflection between the left end of the C» and the ground. 
While the current flowing through R» is, 
dut Up 


=) (14) 


exp CyRrb 

When U,=41 kV, the current is about 2.05 kA at time zero, and 
the current direction flowing through R» is opposite to the 
initial direction. Then it decreases to about 205 A after 0.7 us, 
decreases to about 20.5 A after 1.4 us. It can be seen from the 
beam current signal in Fig. 13 that the current signal does rush 
to a large value, but since the oscilloscope's preset signal 
amplitude range is small, we do not see how much the specific 
maximum value is. It can be seen from Fig. 13 that the current 
signal drops to near OA for about | us, which is in line with the 
theoretical expectation. However, due to the current edge is too 
fast, the current signal is transmitted back and forth on the 
signal line, the current oscillation occurs. 
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Fig. 12. The equivalent model of the gyrotron gun and its power supplies with 
the crowbar switch. 
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Fig. 13. The cathode voltage and the cathode current when the gyrotron is 
shutting down when overcurrent happens with crowbar switch. 
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The transient response of the anode current and anode 
voltage when the power supply shuts down is similar to that of 
the cathode. The equivalent resistor Ra shown in Fig. 8 is 
related to the voltage across C, (the sum of the absolute value of 


the cathode voltage and the absolute value of the anode voltage). 


The resistance of Ra decreases as the anode voltage increases. 
Ra is probably several megohms; Ca is probably several 
picofarads, and C, may increase in the overcurrent condition. 
So the time of the anode voltage drops to about 10% of the 
original value may be longer than that in the normal case. If 
only the cathode voltage is applied to the gyrotron, and the 
anode is not connected to the anode power supply or ground, 
the potential on the anode will be equal to the potential on the 
cathode. If the anode potential is not equal to the cathode 
potential, there may be an equivalent resistor between the 
anode and the ground. More detailed analysis and test will be 
made in the future. 


V. CONCLUSION 


The gyrotron is the key part of the ECRH system. The 
gyrotron is a sophisticated vacuum device, and many ancillary 
systems are needed to assist it in working. The cathode power 
supply and the anode power supply are the most important 
ancillary devices. The gyrotrons must be operated at a right 
timing sequence, otherwise the gyrotrons may be damaged. 
During the experiments of the gyrotrons, we found that the 
waveforms of the cathode voltage and the cathode current vary 
with different conditions. The cathode voltage drops to about 
10% of the original value by about 90 us which is much longer 
than the 25 us in the normal case. An equivalent circuit of the 
gun of the gyrotron is proposed to analyze the transient 
phenomena about the cathode voltage and the cathode current. 
The equivalent circuit is composed of parallel resistors and 
capacitors, and it can explain the test results well. We also 
simply predicted the response of the anode voltage and current 
according to the equivalent circuit model. More detailed test 
will be made in the future. 
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